Introduction
The pathogenesis of gallstone disease in humans is multifactorial (1, 2) . It is widely accepted that several determinants must be simultaneously present for cholesterol crystal nucleation and growth. Calcium salts are the major components of pigment gallstones (3) and are found in the central nidus region of all cholesterol stones (3,4). The most abundant biliary calcium salt is calcium carbonate (5, 6) , which is precipitated when both the calcium and carbonate ion concentrations are high because of inadequate acidification of bile (7) . It has also been shown that acidification enhances calcium salt solubility in bile, suggesting that the gallbladder mucosa may play a key role in preventing gallstone formation (8). This hypothesis remains controversial, however, because no significant difference in biliary pH has been shown between patients with or without gallstones (9).
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storing bile and preventing gallstone formation (8, 10, 11) . The acid-base balance in various tissues and biological fluids is regulated by carbonic anhydrase (CA), which is also present in the gallbladder mucosa (12J3). This enzyme catalyzes the reversible hydration of carbon dioxide, COz + HzO * H ' + HCO3-(14). and at least six isoenzymes have been found in mammals, the best characterized of which are the cytoplasmic isoenzymes CA I, 11, and 111 (15). The membrane-bound, mitochondrial, and secreted isoenzymes are termed CA IV, V, and VI, respectively (16) (17) (18) .
The high-activity CA I1 is widely distributed in the gastrointestinal tract (19, 20) and participates in the acidification process not only in the stomach but also in the gallbladder (11). To shed light on its possible role in gallstone formation, we studied its expression by immunohistochemistry in samples from the gallbladder epithelium of 16 patients undergoing cholecystectomy and correlated the staining intensity with the calcium content of the gallstones.
Materials and Methods
htients and Preparation of Samples. The present series comprised nine consecutive patients who underwent cholecystectomy for treatment of symp- tomatic gallstone disease and seven whose acalculous, histologically normal gallbladders were removed ( Table 1 ). The latter group included four patients who underwent Whipple's pancreaticoduodenectomy, a maneuver in which the gallbladder is routinely removed, and three patients with suspected gallbladder disease but who had a macroscopically and histologically normal gallbladder without stones. Tissue specimens (1 cm2) were obtained in each patient from the body of the gallbladder 1 cm proximally from Hartmann's pouch. To ensure that the distribution of CA I1 was constant in the different parts of the gallbladder, a longitudinal tissue slice from the fundus to the cystic duct was obtained from three patients. No distinct variation in the staining intensity was observed (data not shown).
All the samples were fixed in Carnoy's fluid (absolute ethanol + chloroform + glacial acetic acid, 6:3:1) for 6 hr, dehydrated, and embedded in paraffin in a vacuum oven at 58°C. after which sections of 5 pm were placed on gelatin-coated microscope slides.
Antisera. Polyclonal rabbit antisera to human CA I and I1 have been produced and characterized by Parkkila et al. (21) . Polyclonal guinea pig antiserum to human CA I1 was produced with the same purified isoenzyme preparation as used earlier to produce the rabbit antiserum. Both the rabbit and guinea pig antisera showed high isoenzyme specificity in dot and Western blotting (21; and S. Parkkila, unpublished observations).
I m m u n o~o c h~r y .
The sections were stained by the immunoperoxidase and the immunofluorescence techniques. All sections from this series were simultaneously stained for CAS and the stainings were repeated three times to confirm the reliability of the results. The steps in the staining were essentially as follows: (a) deparaffinization of the tissue sections; (b) pre-treatment of the sections with 3% H202 for 5 min and rinsing in PBS for 5 min; (c) pre-treatment of the sections with cow colostrum for 40 min and rinsing in PBS; (d) incubation for 1 hr with normal rabbit serum (control) or primary rabbit antiserum, both diluted 1:lOO in 1% bovine serum albumin in PBS (BSA-PBS) and washing in PBS three times for 10 min; (e) treatment with cow colostrum for 40 min and rinsing in PBS; (f) incubation for 1 hr in biotinylated affinity-purified swine immunoglobulins to rabbit immunoglobulins (Dakopatts; Copenhagen, Denmark) diluted 1:300 in BSA-PBS and washing in PBS three times for 10 min; (g) treatment with cow colostrum for 5 min and rinsing in PBS; (h) incubation for 30 min in a 1:600 dilution of peroxidase-conjugated streptavidin (Dakopatts) in PBS and washing in PBS three times for 5 min; and (i) incubation for 2 min in 3,Y-diaminobenzidine tetrahydrochloride (DAB) (Fluka; Buchs. Switzerland) (9 mg DAB in 15 ml PBS plus 10 p1 30% H202). All incubations and washings were carried out at room temperature. The sections were mounted in Permount and viewed with a conventional Leitz Aristoplan microscope (Leitz; Wetzlar, Germany) and photographed on black-and-white negative film (Agfapan 25 ISO).
The tissue sections were also double-immunostained for CA I and I1 by the immunofluorescence technique. Briefly, the steps included: (a) pretreatment with cow colostrum for 40 min and rinsing in PBS; (b) incubation for 1 hr in 1:lOO diluted primary antisera (rabbit anti-human CA I and guinea pig anti-human CA 11) in 1Yo BSA-PBS; and (c) incubation with 1:50 diluted FIE-conjugated goat anti-guinea pig IgG (Sigma; St Louis, MO) and rhodamine-conjugated swine anti-rabbit IgG (Dakopatts) antibodies in 1% BSA-PBS. The sections were washed three times for 10 min after the incubation steps and finally mounted in Mowiol (Hoechst; Frankfurt am Main, Germany) and viewed with a confocal laser scanning microscope (Leitz CUM) using an air-cooled argon-krypton laser (75 m W output). The specimens were excited with a laser beam at a wavelength of 568 nm (rhodamine) and 488 nm (FITC) to demonstrate CA I and 11, respectively. The emission light was focused through a pinhole aperture. The full field was scanned in square image formats of 512 x 512 pixels and built-in software was used to reconstruct the images obtained from the confocal sections.
Digital Image Analysis. Although immunohistochemical techniques are known to be semiquantitative by nature, we examined here the staining intensities using a digital image analysis system for the immunoperoxidase-stained sections. Three sections from each patient were repearedly processed for this purpose. Each step of staining was carefully controlled with respect to timing. temperature, and antibody dilutions. IFS 66 FT-IR spectrometer equipped with 0.1-mm NaCl cuvett~s was used for the measurements.
The calcium content ofthe gallstones was determined by direct current plasma atomic emission spcctrometry (DCF-AB). Afrcr 0.5-2 g of the dried.
Analysis of the Bile and Gallstones. The cholesterol content ofthe gallstone was determined by an infra-red spectrometric method presented earlier in the literature (22.23). Each gallstone sample was pulverized to a homogeneous powder and dried ar -5o'C for 3 days. The dry powder was then re-ground to a finer grain size in an agate mortar. Tento 20-mg aliquots of the gallstone samples were weighed and dissolved in 1.0 ml of CC14. A series of standards was prepared bv dissolving 6.5-40 mg of cholestrin (cholest-5-cn-3~-ol. C27 H46 0) (Mcrck; Darmstadt, Germany) in 1 ground sample was weighed into a digestion vesxl. 12 ml of ultra-pure HCI was added and mixed well. and the mixture was first allowed to stand for about 2 hr before being evaporated almost to dryness on a sand bath at 150%. For the DCP-AES measurement, the sample was diluted to 50 ml with distilled. deionized HzO and filtered. A SpecrnSpan IllB singlechannel DCP atomic emission spectrometer equipped with an HP 85 data station was used for the emission measurements. The line at 317.933 nm was used for the determination of calcium. ml of CC14. Calibration graphs for cholcsrerol were evolved using a peak at 2936 l k m (C-H stretchings). The linear regression codficients of the calibration graphs were greater than 0.99 for both peaks. The error in the method was calculated to be about 5% on the basis of duplicate determinations. equal results being obtained for both peaks. The cholesterol content of the gallstones was expressed as a percentage of dry weight. A Bruker 
Results
The pH of the gallbladder bile during surgery and the cholesterol and calcium content of the gallstones by weight are presented for each patient in Table 1 . The patients without gallstones or with gallstones containing no calcium were included in Group 1 and the rest of the patients, with agallstone calcium content of 2-87% by weight, in Group 2.
The gallbladder epithelium samples all showed a CA 11-positive reaction in the immunohistochemical stainings (Figure 1A) , although there were some in which the staining was barely distinguishable from the background (Figure 1B) . No specific staining for CA I could be observed in the epithelium, and the enzyme was found only in the erythrocytes present in the capillaries (Figure IC) . Fluorescence microscopy also revealed distinct CA 11-positive staining in the gallbladder epithelium (data not shown). Staining with normal rabbit serum was negative (data not shown).
The gallbladder sections stained for CA I1 were subsequently subjected to digital image analysis to quantify the staining intensity. When the results of the two groups were compared, only two patients were found to overlap in this comparison (Figure 2) , i.e., eight of the nine patients in Group 1 had a higher staining intensity index than six of the seven patients in Group 2. The staining intensity indices ranged from 0.2576 to 0.5415 in Group 1 (median 0.4463) and from 0.1382 to 0.6241 in Group 2 (median 0.2376). The medians differed significantly (p = 0.0262). but no significant difference in the pH of the gallbladder bile was found between the groups (pX.05) (Xble l). There was no significant correlation (Y = 0.31; p>0.05) between biliary pH and the staining intensity indices.
Discussion
It was first suggested in 1924 that biliary acidification plays an important role in gallstone formation (24), and several attempts have been made to test this hypothesis. It has recently been demonstrated that the gallbladder epithelium may play a key role in preventing gallstone formation by means of acidification, which enhances calcium salt solubility (S), but others have failed to confirm the role of biliary pH in gallstone formation (9). Investigations involving human gallbladder bile have several possible limitations. First, the biliary pH at the time of sampling (i.e., at cholecystectomy) may not reflect the biliary environment present when the gallstones initially began to form; second, the duration of fasting before surgery may affect the pH (8); third, incomplete gallbladder aspiration or aerobic handling can result in misleading pH readings (25); finally, inflammation of the gallbladder and obstruction of the cystic duct can affect the biliary pH (9). It has recently been suggested that the events important to crystal nucleation and growth may take place on the mucosal surface of the gallbladder rather than in the bulk phase (26). To define the role of biliary pH in gallstone formation, the potential mechanisms involved in this process should therefore be studied in the epithelial microenvironment. However, no previous examinations of the reelation of gallbladder pH at this level have been reported.
Carbonic anhydrases are present in various epithelia, where they catalyze the reversible hydration of metabolic CO2 and supply the secretions with bicarbonate or protons. The rabbit gallbladder epithelium contains CA in detectable concentrations, and its inhibition with acetazolamide or other CA inhibitors effectively blocks acid secretion (27). It has been recently reported that the human gallbladder epithelium acidifies bile by secreting hydrogen ions and that impairment of this secretion is one cause of gallstone formation (7). The present results are in accordance with this concept, as they show that the CA 11-specific staining intensity in the epithelium of gallbladder samples taken from exactly the same anatomic position was on average higher in the control group than in those whose gallstone had a high calcium content. The present findings suggest that the lowered CA I1 content in the epithelium may lead to impairment of acidification and thus contribute to gallstone formation. There was some overlapping between the groups, however, suggesting that other factors must also be involved. It is widely accepted that sex affects the cholesterol metabolism and thus the susceptibility to gallstone formation (28). In this series, the patients with gallstones were all female except for one. Since some previous observations have indicated that the expression of CA I1 is regulated by hormonal factors, e.g., in the rat liver (29), we cannot rule out the possibility that this also occurs in the gallbladder epithelium. Paradoxically, the specimen with the strongest CA I1 staining had the highest calcium content in the gallstones. This patient, however, was the oldest, suggesting that age may be a factor independent of CA 11. High biliary calcium concentrations have been reported in patients with gallstones (30), and in these cases effective biliary acidification in the presence of a high CA I1 content in the gallbladder epithelium may not in itself be sufficient to prevent calcium precipitation. Since membrane-bound CA IV has an important role in bicarbonate transport, e.g., in kidney and lung (31-33). it is tempting to speculate that it may also regulate the biliary bicarbonate concentration. Nevertheless, the present data suggest that the epithelial CA I1 content, biliary calcium concentration, and pH may form an important triad contributing to gallstone calcification.
